Despite its radical assumption of ecological equivalence between species, neutral biodiversity theory can often provide good fits to species abundance distributions observed in nature. Major criticisms of neutral theory have focused on interspecific differences, which are in conflict with ecological equivalence. However, neutrality in nature is also broken by differences between conspecific individuals at different life stages, which in many communities may vastly exceed interspecific differences between individuals at similar stages. These within-species asymmetries have not been fully explored in species-neutral models, and it is not known whether demographic stage structure affects macroecological patterns in neutral theory. Here, we present a two-stage neutral model where fecundity and mortality change as an individual transitions from one stage to the other. We explore several qualitatively different scenarios, and compare numerically obtained species abundance distributions to the predictions of unstructured neutral theory. We find that abundance distributions are generally robust to this kind of stage structure, but significant departures from unstructured predictions occur if adults have sufficiently low fecundity and mortality. In addition, we show that the cumulative number of births per species, which is Electronic supplementary material The online version of this article (distributed as a power law with a 3/2 exponent, is invariant even when the abundance distribution departs from unstructured model predictions. Our findings potentially explain power law-like abundance distributions in organisms with strong demographic structure, such as eusocial insects and humans, and partially rehabilitate species abundance distributions from past criticisms as to their inability to distinguish between biological mechanisms.
Introduction
A long-standing goal of community ecology is to understand the connection between processes of community assembly and patterns of biodiversity. Neutral biodiversity theory (NBT) poses that such patterns are driven by ecological drift, i.e., stochastic birth and death events whose probabilities are irrespective of species identity (Hubbell 2001) . Despite evidence that deterministic factors such as habitat structure shape biodiversity (Condit et al. 2011) , NBT successfully describes observed species abundance distributions (SADs), providing better fits than statistical distributions in tropical forests (Volkov et al. 2003; Harte 2003) , and in some datasets even better than models incorporating niche differences (Etienne and Olff 2005) . This renewed the debate over the relative role of niche partitioning versus stochastic neutral forces in shaping biodiversity patterns (Ruokolainen et al. 2009; Vergnon et al. 2009; Chisholm and Pacala 2010; D'Andrea and Ostling 2016) .
Species abundance distributions in tropical forests commonly approximate a logseries (Bell 2000; White et al. 2012 ), which is well described by NBT (Volkov et al. 2003) despite its radical assumption of demographic equivalence between individuals of different species. This postulated equivalence is manifestly broken between conspecific individuals at different life stages. In trees, seedling mortality is much higher than adult mortality, whereas fecundity increases considerably as an individual ages to larger size (Harcombe 1987) . For example, seed output in Cecropia obtusifolia may differ by up to three orders of magnitude between juveniles and mature individuals, while mortality may change by a factor of 20 (Alvarez-Buylla and Martinez-Ramos 1992). Rosindell et al. (2012) have shown that NBT's fits for abundances of reproductive individuals are sensitive to non-random sampling bias caused by stage structure. However, the implications of stage structure for neutral theory predictions have not been fully explored. O'Dwyer et al. (2009) showed that neutral SADs are robust to demographic structure in mortality. Here, in addition to mortality, we explore the impact of ontogenetic differences in fecundity, which was not addressed in that study.
We also explore a second macroecological pattern, commonly used in tests of neutrality in the social sciences: the progeny distribution. This is the cumulative number of births within a species over a sufficiently long period of time. Because the progeny distribution aggregates the state of the community across time, it could potentially provide a better test for alternative community dynamics processes than the SAD. In the social sciences, the progeny distribution is amply studied empirically (Hahn and Bentley 2003; Bentley et al. 2004) , as birth registries are more commonly available than the corresponding data in ecological systems. Recent theoretical work has shown that the progeny in an unstructured neutral birth-death process follows a power law distribution with a specific exponent of 3/2 (O'Dwyer and Kandler 2017). It is not known whether this result holds for structured populations.
We present a simple two-stage structured neutral model, where individuals at different stages may differ in both fecundity and mortality rates. We numerically simulate our model and compare SADs and progeny distributions to predictions from unstructured neutral theory. We begin with conceptual scenarios where adult rates are either high or low relative to the corresponding juvenile rates. We examine the four qualitative possibilities: high/low adult mortality relative to juvenile mortality × high/low adult fecundity relative to juvenile fecundity. The classical unstructured neutral model, where adults and juveniles have identical rates, sits in the middle of these four. We then explore two additional scenarios describing organisms where stage structure can be particularly consequential for abundance distributions: humans and eusocial insects. For the latter group, we compare simulation results with observations in nature.
Finally, we test the robustness of our results to relaxing the assumption of neutrality.
Methods
Neutral theory assumes that multiple species compete symmetrically for a single resource. The non-zero sum formulation of neutrality, which we use in our model, approximates these non-linear competitive interactions by allowing a focal species to interact with the average abundances of all other species, rather than the specific set of species abundances (Volkov et al. 2003; Etienne et al. 2007; O'Dwyer and Chisholm 2014) . This results in a simplified mean field scenario, where in each step the chosen species may gain (birth) or lose (death) one individual as in a random walk with fixed step size. Deaths are slightly more likely than births, but total community size is maintained by a constant inflow of new species from speciation. We use this approximation in our model.
Consider an unstructured neutral model for a closed metacommunity of steady-state size J , with stochastic birth, death, and speciation in the form of an influx of new species with rate θ = νJ , where each new species starts with abundance 1. The mean field master equation describing the probability that a species has abundance N at time t is (O'Dwyer and Chisholm 2014)
where b and d are fixed per capita birth and death rates, with b = d. The first term describes births that do not result in speciation, hence the factor 1 − ν (the equation describes dynamics after introduction through speciation). This equation can be solved to give the logseries species abundance distribution typical of unstructured neutral theory:
O'Dwyer and Kandler (2017) showed that at late times, the expected number of species with k birth events since their appearance in the community is
In the social sciences, this is known as the progeny distribution. For intermediate values of k, the expression above behaves like a power law with a specific exponent of 3/2. For higher values exceeding (b/ν) 2 , it decays exponentially (O'Dwyer and Kandler 2017). Our two-stage neutral model is analogous to the one described by Eq. 1, except that in addition to births and deaths, there are also aging events, when individuals in stage 1 transition to stage 2. We were unable to solve the master equation for the stage-structured model (provided in the Supplementary Information) given general birth and death rates of the two classes, so we take a simulation-based approach instead. Let W + i be the rate at which a species subpopulation at stage i with N i individuals gains an individual, and W − i the rate at which it loses an individual; we write
where b i and d i are respectively the fecundity and mortality of individuals at stage i, identical across species, and a is the rate at which individuals from stage 1 transition to stage 2. In addition, speciation occurs at fixed rate ν
where N i are the equilibrium abundances of stages 1 and 2 summed across species. We will refer to stages 1 and 2 respectively as juveniles and adults, without necessarily implying the actual biological connotations of those terms (our "juveniles" are allowed to reproduce, for instance). Figure 1 shows a diagram of our model. This model has a stationary state if d 2 > 0 and
In that equilibrium, the timeaveraged total adult population will be proportional to the time-averaged total juvenile population, N 1 = d 2 N 2 . Furthermore, the time-averaged population of stage i will be
We therefore choose as our free parameters juvenile fecundity (b 1 ), juvenile mortality (d 1 ), and adult mortality (d 2 ), and set adult fecundity to b 2 = (1 + d 1 − b 1 ) d 2 . With this parametrization, near the equilibrium, a fraction ν of recruitment events are speciation events as opposed to local births, and the total community size is N 1
To ensure comparable community size across simulations, we set N 2 = J /(1 + d 2 ), with J = 110, 000 individuals. We set ν = 0.001 throughout our simulations. These parameter choices ensure high species diversity and 
and a proportion 1 − ν of birth events are local births, and the remainder are speciation events. For simplicity, we set the time scale so that the aging rate is normalized to 1. Parameters b 1 (juvenile fecundity), d 1 (juvenile mortality), and d 2 (adult mortality) are independently varied, while adult fecundity is set
A stationary state exists only if d 2 > 0 and b 1 < 1 + d 1 community size, thus justifying our mean field approximation. (A community with endogenous speciation, of which our model is an approximation, would eventually go extinct. However, the timescale for decay to the absorbing state will be enormous for a large community, thereby justifying our approximation.) Notice that our fecundity and mortality parameters are defined relative to the aging rate between the juvenile and adult stage, which we arbitrarily set to 1 by rescaling time to the appropriate unit. In other words, for every juvenile that ages into adulthood, d 1 juveniles die, etc. This choice does not affect abundance distributions.
Conceptual scenarios
In the juvenile turnover (JT) scenario, adults have low mortality and fecundity relative to juveniles, d 2 /d 1 = 10 −2 , b 2 /b 1 = 10 −2 . The adult turnover (AT) scenario is the reverse: d 2 /d 1 = 10 3 , b 2 /b 1 = 10 3 . In the juvenile vigor scenario (JV), adults have high mortality and low fecundity relative to juveniles: d 2 /d 1 = 10 2 , b 2 /b 1 = 10 −2 . Finally, the adult vigor (AV) scenario is the opposite:
. Many organisms will fall somewhere between these four scenarios. For example, in forest trees, high-mortality pre-reproductive saplings are followed by low-mortality reproductive adults, similar to scenario AV. Moths and butterflies with well-defended caterpillars pupating into adults under high predation would be closer to AT, as are rapidly senescing organisms such as Pacific salmon and annual plants. Placental mammals where senescence is more gradual or which experience menopause, such as great apes Table 1 Parameter values used in each of the first set of two-stage scenarios JT AT JV AV CMa CMb CMc CMd EIa EIb EIc d 2 0.1 10 1 1 0.1 0.01 1e-3 5e-4 1 0.01 1e-3 d 1 10 0.01 0.01 100 0.01 0.01 0.01 0.01 1 1 1 b 2 0.1 10 0.01 101 1e-3 1e-4 1e-5 5e-6 0 0 0 b 1 10 0.01 1 0 1 1 1 1 1 1 1 N 1 10 100 55 55 10 1 1e-1 5e-2 55 1 1e-1 N 2 100 10 55 55 100 109 109.9 109.95 55 109 109.9
Mortality and fecundity of stage i are represented respectively by d i and b i , while N i is the average total population size at stage i (given in thousands). Speciation rate ν = 0.001 is fixed across scenarios JT juvenile turnover, AT adult turnover, JV juvenile vigor, AV adult vigor, CM children of men, EI eusocial insect model and cetaceans, could be better described by JT or JV. The unstructured scenario, where adults and juveniles have identical rates, is in the middle of these four ( Fig. 2 ; see Table 1 for our parameter choices in each scenario).
Children of men scenarios
In humans, most reproduction occurs early in life, followed by a long-lasting non-reproductive stage. Human given names follow a 3/2-power law distribution rather than a logseries, similar to the distribution of baby names (Bentley et al. 2004 ). In our two-stage model, the master equation becomes solvable in the limit where adults are sterile and immortal, and we find that the distribution of adults approximates a power law with exponent 3/2, similar to the behavior of the progeny in the unstructured model (supplementary information). Based on this result, we hypothesize that when adults have low mortality and fecundity relative to juveniles, the abundance distribution will depart from the logseries and move towards a 3/2-power law. We test this hypothesis on a set of simulation scenarios where we set adult fecundity very low relative to juveniles and turn adult mortality to increasingly low levels (see Table 1 ). We call these the Children of Men scenarios by analogy with James's (1992) dystopian novel where people can no longer have children.
Eusocial insect scenarios
Eusocial insects present one of the most striking examples of demographic structure in nature, characterized by a large number of sterile workers and one or few reproductive queens. Given the resemblance of this demographic structure to our children of men scenarios, we adapted our two-stage model to a simplified representation of eusocial insects (Fig. 3) . Our eusocial insect model consists of Fig. 3 Stage-structured model for eusocial insects. Populations are composed of reproductive queens and sterile workers. Queens undergo a stochastic birth-death process with sporadic speciation. Worker subpopulation receives input from the queen subpopulation but does not feed back into it. Notice that queens do not "age" into workers a reproducing queen caste and a non-reproducing worker caste. The queen population undergoes a neutral birth-death process with speciation, whereas the worker subpopulation receives input from but does not feed back into the queen subpopulation, i.e., b 2 = 0. Queens produce workers at rate 1, which can always be done by scaling time appropriately. We set d 1 = b 1 , and therefore in stationary equilibrium N * 1 = N 1 = d 2 N * 2 . In addition to complete sterility in one of the stages, a major difference from our model above is that queens do not "age" into workers. This is therefore not a case of stage structure in the sense of ontogenetic stages, but demographic structure in the sense that there are different classes of individuals in the same species.
Distribution fitting
In order to compare results with predictions from the unstructured neutral model, we used maximum likelihood to fit a logseries to the SAD (Eq. 2, see also Alonso et al. 2008 ) and a truncated power law to the progeny, holding above a lower bound (Gillespie 2015) . The latter is a simplified approximation to the analytical prediction (Eq. 3). The fitted power law exponent is sensitive to the lower bound, and to estimate it, we use the method of minimum Kolmogorov-Smirnov distance (Clauset et al. 2009 ). We coded all simulations in R (R Core Team 2017) and fitted power laws and logseries using R packages "poweRlaw" and "sads" (Clauset et al. 2009; Prado et al. 2016 ). R code for fitting power laws to large numbers is provided at https:// github.com/odwyer-lab/Power-laws-in-large-data.
Results
The top and middle rows of Fig. 4 show the cumulative species abundance distribution and progeny distribution, respectively, in the JT, AT, JV, and AV scenarios. In all four, the SAD fits a logseries and the progeny fits a power law with exponent close to 3/2. This occurred even though between those scenarios adult mortality and fecundity differed from juveniles by a factor of up to 1,000 (see Table 1 ). The bottom row of Fig. 4 shows the relationship between juvenile and adult populations across species, respectively. In all four scenarios, those populations are proportional to each other, with N 1 ≈ d 2 N 2 . According to Eq. 5, this is precisely the equilibrium condition for the adult population. In fact, in all four scenarios, the coefficient of variation of both the juvenile and adult populations through time is no bigger than that of the community as a whole, indicating that each life stage is in equilibrium separately and synchronously. Supplementary Fig. 1 shows community size, richness, and the synchrony between the populations of the two life stages.
In the children of men scenarios, as we dial down adult life history rates, SADs depart from a logseries distribution (Fig. 5, top row) . The progeny distribution, on the other hand, remains a good fit to a 3/2 power law ( Fig. 5 , middle row). When adult mortality is very low, the SAD fits a 3/2 power law better than a logseries (Fig. 5, top row) , confirming expectations from our analytical result (supplementary information). We explain this as follows. When adults do not die, the number of living adults approximates the cumulative number of births, i.e., the progeny. Also because of their low mortality, adults vastly outnumber juveniles, and hence dominate the SAD. The end result is to push the SAD towards a progeny-like distribution, namely a 3/2 power law. Note also that as adult mortality decreases, adult and juvenile populations break out of lockstep, and N 1 = d 2 N 2 is no longer a good fit (Fig. 5, bottom row; Supplementary Fig. 2 shows the loss of synchrony between the two life stages). Our eusocial insect model displays similar behavior to our children of men scenario (Fig. 6) : when worker mortality is sufficiently high, the SAD fits a logseries, and Middle: unlike the SAD, the progeny distribution is invariant across these scenarios, remaining a good fit to a 3/2 power law. Bottom: as adult mortality is lowered, the proportionality between juvenile and adult populations deteriorates. Axes, lines, and legends as in Fig. 4.  (Color figure online) queen and worker subpopulations are mutually proportional. But as worker mortality is reduced, the linear relationship breaks down (see also Supplementary Fig. 3) , and the SAD veers towards a progeny-like 3/2 power law. The progeny distribution, as in all other scenarios, is invariant throughout. Siemann et al. (1999) found a power law relationship between species rank and abundances across several arthropod groups, with an exponent often approximating 2. This suggests a power law SAD with exponent near 3/2 (see supplementary information). Using data available from the University of Minnesota Cedar Creek data repository (Haarstad 2004), we fitted a logseries and a power law with exponential cutoff to abundance distributions of eight arthropod taxa, including Hymenoptera, a diverse order of insects containing many eusocial species (Fig. 7) . We fitted using maximum likelihood estimation and estimated significance with a likelihood ratio test. Given the multiple tests, we adjusted p values using Bonferroni correction. We found that the power law with exponential cutoff is a significantly better fit than the logseries in Coleoptera, Hymenoptera, and marginally Lepidoptera, although the data contained very few species in the last group, inviting caution in interpreting results. (In the case of Coleoptera, even a simple power law fits better than the logseries, and the fitted exponent is a suggestiveα = 1.52.) Although these results are by no means conclusive, the fact that orders containing eusocial insects showed the strongest deviation from a logseries SAD suggests the possibility that the stage-structured neutral model captures some of the essential drivers of abundance distributions in taxa with this demographic structure.
Power law abundance distribution in insect groups

Relaxing neutrality
We tested the sensitivity of our results to the neutrality assumption using a scenario where species are so different from one another that each occupies their own nichethus the opposite of neutrality, where all species occupy the same niche (see details of the model supplementary information). Similar to the neutral model, adding stage structure in this model typically did not change either the SAD or the progeny. However, unlike the neutral model, we did not observe changes to the SAD even in children-of-men-like scenarios when adults had very low mortality and fecundity relative to juveniles (see Fig. 4 in the supplementary information).
Discussion
Neutral theory often succeeds in describing macroecological patterns such as species abundance distributions. Although criticisms and expansions of the theory generally focus on interspecific differences, neutrality can also be broken by dramatic differences between conspecific individuals at different life stages. Here, we investigated how such differences impact predictions on the distribution of abundances (SAD) and cumulative births (progeny). Our models span a variety of scenarios with two life stages, where these stages are distinguished by their fecundity and/or mortality rates. Our results indicate that both abundance and progeny distributions are largely insensitive to demographic variation in either fecundity or mortality, as long as as differences in fecundity or mortality across individuals pertain strictly to their life stage and not their species identity. However, SADs can deviate from the unstructured neutral community's logseries if both fecundity and mortality drop significantly at later life stages. The progeny distribution, in contrast, seems truly invariant under a wide variety of species-neutral demographic structure. O'Dwyer and Kandler (2017) showed that in the stationary equilibrium of a neutral birth-death process with speciation, the progeny follows a power law with exponent 3/2, followed by an exponential drop-off at very large values. This was also observed in all scenarios of our stage-structured neutral model. Blue and green curves are maximum likelihood fits to a logseries and power law with exponential cutoff, respectively. Legends indicate the fitted exponent of the power law phase, and the p value of the likelihood ratio test between the two fits, with p < 0.05 indicating that the power law with cutoff is significantly better than the logseries. S is the number of species sampled in each group, and J the number of individuals Our results on how and when the neutral SAD departs from the log series distribution have intuitive explanations. First, in scenarios where adult and juvenile populations are typically proportional to each other, our models effectively reduce to a simpler, unstructured birth-death process. A glance at Fig. 1 reveals that if N 1a (t) = kN 2a (t) with constant k, then adults undergo a neutral birth-death process with death rate d 2 and birth rate k, while juveniles undergo a neutral birth-death process with rates 1 + d 1 and (1 − ν)(b 1 + b 2 /k), and therefore so does the species population as a whole. This fact explains why the SAD is largely unchanged in our first four scenarios.
However, if adult mortality is too low, the equilibrium juvenile population is so small that stochastic fluctuations become important, and break the synchrony between the subpopulations in either stage. Even though each subpopulation may still be undergoing a simple birth-death process, the species as a whole is no longer doing so, and as a result, the SAD is affected. The greater robustness of the progeny distribution is likely due to its independence of death rates. The SAD on the other hand depends on the balance between births and deaths, which our results show can be broken if intraspecific subpopulations with different life history rates do not fluctuate in synchrony. Our children of men scenario provides an example of this and may provide an explanation of the kinds of progeny and abundance distributions that previous research has identified in the social sciences. For example, both baby names (the progeny distribution) and censuses of names (analogous to the SAD) approximately follow a power law. Our study hints that this may reflect a particular stage-structured neutral dynamics in human names, possibly caused by the fact that in human societies, most childbearing is done by young adults, while those no longer reproducing still have many years to live, and hence appear in census counts.
This children of men scenario may also have a biological counterpart in groups of animals where the population contains many non-reproducing adults, such as eusocial insects. We presented a modified version of our two-stage neutral model adapted for eusocial insects and showed that the SAD approximates a 3/2 power law for sufficiently low worker mortality. Siemann et al. (1999) found that species rank-abundance distributions across arthropod groups approximate a power law with exponent close to 2, which is equivalent to a 3/2 power law abundance distribution (see Supplementary Information) . Using a similar dataset collected by the same authors, we found that out of eight different arthropod taxa, a power law with exponential cutoff is a significantly better fit than a logseries for the SADs of Coleoptera and Hymenoptera. Concerning the latter group, we speculate that this may be related to the common occurrence of eusociality in Hymenoptera. It is unlikely that eusocial insects undergo neutral dynamics. But the observation that abundance distributions approximate predictions from a stage-structured neutral model implies that neutrality (even if inaccurate) may be an effective vehicle for capturing the effects of stage structure on SADs. A similar empirical study with larger numbers of individuals and larger numbers of species would be needed to settle this conjecture. A count of both colonies and individuals (as in Ernest et al. 2009 ) is desirable, as a definitive result would be if the colony numbers undergo standard drift (logseries), while the SAD approximates a 3/2 power law.
Our finding that SADs are generally insensitive to stage structure whether species are under complete niche overlap (neutrality) or zero niche overlap (when each species occupies their own niche) suggests that this robustness will also occur in scenarios with intermediate niche overlap. On the other hand, strong stage structure of the childrenof-men type affects the SAD in the neutral model but not in our zero-overlap scenario. Of course, the landscape of niche-overlap scenarios is huge, and between complete overlap and no overlap, there are intermediate niche theories which do display the neutral type results (see, e.g., Chisholm and Pacala 2010) . We conclude that at some point between complete neutrality and a niche for each species, niche structure becomes the predominant driver of species abundances, even under very strong stage structure.
Our simple two-stage model is of course a simplified representation of reality. While in our model competition is equally strong between individuals in all life stages, in nature competition can be stronger at some stages than at others. For example, among tropical trees, most of the competition for light is between saplings in the understory. Individuals may also undergo more than two distinct life stages differing substantially in life history. However, we note that our argument for the robustness of the SAD holds regardless of the number of stages, so long as subpopulations vary in relative synchrony.
It has been argued that abundance distributions are consistent across different systems because they are not sensitive to any particular community's underlying ecology, thus being a poor test of community assembly processes (McGill 2003) . Our study qualifies this, suggesting that abundance distributions are affected by extreme stage structure, as in eusocial insects and species with long-lived non-reproducing adults such as humans. When stage structure is not as marked, species abundance distributions may indeed be insensitive to it, and thus uninformative of it. The success of neutral theory in reproducing observed abundance distributions may imply that it is an effective or sufficient model of the ultimate drivers of abundance patterns, despite omitting biological complexities which are critical for understanding the success or failure of individual species.
This is the first study to systematically explore intraspecific variation in fecundity, and demographic structure more generally, in the context of neutrality. The fact that it can strongly impact one of the most widely tested patterns under neutral theory is noteworthy.
